Objectives: To investigate the distribution of erythromycin, tetracycline and chloramphenicol resistance mechanisms and determinants and the relevant genetic environments and elements in viridans group streptococci (VGS).
Introduction
In humans, viridans group streptococci (VGS) are normal inhabitants of the upper respiratory tract, gastrointestinal tract and female genital tract. Their taxonomy, with some 30 currently recognized species, has always been complex and uncertain. 1 Though generally considered to have low pathogenic potential in immunocompetent individuals, VGS can nonetheless cause invasive disease, such as endocarditis, intra-abdominal infection, pneumonia and shock, in some patient populations. 2 The antimicrobial resistance of VGS is a substantial cause for concern, both in terms of the treatment of VGS infections and of the possible role of these organisms as reservoirs of drug resistance. Penicillin, the first and traditional antibiotic of choice, is still effective in treating VGS infections, but resistance continues to increase. 2 Macrolides have been suggested as alternatives, but several studies have shown that macrolide resistance may also attain considerable prevalence rates. 2 -6 VGS can exchange genetic material with other bacteria sharing their habitat, and are held to play a significant role in transferring resistance determinants to major streptococcal pathogens such as Streptococcus pneumoniae and Streptococcus pyogenes. 7 -9 Current knowledge of the resistome of streptococci from the upper respiratory tract is fairly poor as regards VGS compared with the previously mentioned major pathogens. The molecular characterization of macrolide resistance determinants and mechanisms in VGS has provided variable data: a predominance of the erm(B) gene, associated with the target-site modificationmediated MLS (macrolide, lincosamide and streptogramin B) phenotype, has been found by some studies, 5, 10, 11 whereas a predominance of mef genes, associated with the efflux-mediated M phenotype (low-level resistance to 14-and 15-membered macrolides only), has been found by others. 4, 9, 12 Among tetracycline resistance determinants, the tet(M) gene has been found to be consistently predominant in VGS. 9 -11 In streptococci, a variety of antibiotic resistance genes (especially to macrolides, tetracyclines, chloramphenicol and aminoglycosides) may be carried by genetic elements such as integrative and conjugative elements (ICEs), transposons, plasmids, bacteriophages and chimeric elements. Linkage of multiple antibiotic resistance determinants, implying multiple resistance, is often observed in such genetic elements. 13 The present study addresses erythromycin, tetracycline and chloramphenicol resistance in VGS. The relevant genetic determinants, environments and elements were investigated in a collection of VGS, identified at the species level, that have recently been isolated from throat swabs in central Italy. Although this type of information is available for major b-haemolytic streptococci and pneumococci, this is not true of VGS.
Materials and methods

Bacterial strains
A total of 263 VGS (never more than one isolate per patient) were collected from routine throat swabs of patients with pharyngitis processed over different periods between April 2010 and September 2012 by laboratories in central Italy. Swabs were plated onto blood agar base (Oxoid, Basingstoke, UK) supplemented with 5% defibrinated horse blood. Plates were incubated at 378C for 18-24 h in 5% CO 2 . VGS were identified on the basis of conventional laboratory tests (colony morphology, catalase production, Gram staining and optochin susceptibility). Species identification, performed using the API 20 Strep system (bioMérieux, Marcy-l'Étoile, France), provided the following results: Streptococcus mitis (n ¼85), Streptococcus oralis (n ¼52), Streptococcus parasanguinis (n ¼52), Streptococcus sanguinis (n ¼43), Streptococcus salivarius (n¼17), Streptococcus gordonii (n¼4), Streptococcus anginosus (n¼4), Streptococcus constellatus (n¼2), Streptococcus intermedius (n¼2), Streptococcus cristatus (n¼1) and Streptococcus vestibularis (n¼1).
Antibiotics and susceptibility tests
All isolates were tested for susceptibility to erythromycin, tetracycline and chloramphenicol. Susceptibilities were assessed by combining standard agar diffusion (screening of resistance) and broth microdilution (MIC determination in case of resistance), making reference to CLSI breakpoints. 14 S. pneumoniae ATCC 49619 was used for quality control. Commercial discs (Oxoid) for agar diffusion tests were as follows: erythromycin (15 mg), tetracycline (30 mg) and chloramphenicol (30 mg). The antibiotics for broth microdilution tests were purchased from Sigma Chemical Co., St Louis, MO, USA.
Determination of macrolide resistance phenotype
Test strains were assigned to the constitutive (cMLS), inducible (iMLS) or efflux-mediated (M) macrolide resistance phenotype on the basis of the conventional erythromycin/clindamycin double-disc test (15 and 2 mg discs, respectively; Oxoid).
Gene detection and amplification
PCR experiments were performed to detect determinants and clarify the mechanisms of antibiotic resistance. All primer pairs used are reported in Table S1 (available as Supplementary data at JAC Online). The Ex Taq system (TaKaRa Bio, Shiga, Japan) was used in the amplification experiments expected to yield PCR products exceeding 3 kb in size. Resistance genes previously found to be associated with streptococci and tested for herein included: for erythromycin, erm(B), erm(TR), erm(T) and mef-class genes; for tetracycline, tet(M), tet(O), tet(K), tet(L), tet(Q), tet(S), tet(T) and tet(W); and for chloramphenicol, catQ and cat pC194 .
Detection of associated genetic environments or elements
After detecting erythromycin, tetracycline or chloramphenicol resistance genes, the relevant genetic contexts, possible gene linkages and compatible genetic elements were sought based on well-established knowledge, particularly with respect to streptococci. 13, 15 Some genetic elements (Tn916 versus Tn5801 16 or Tn5252 versus ICESp23FST81
17
) were preliminarily distinguished by PCR analysis of their integrase genes. Primary approaches were usually based on PCR reactions and mapping (all primers used are reported in Table S1 , available as Supplementary data at JAC Online). DNA sequencing was resorted to when amplification reactions yielded unexpected amplicon sizes.
DNA sequencing and sequence analysis PCR products were purified using Montage purification columns (Millipore Corporation, Bedford, MA, USA). Sequencing was carried out using ABI Prism (Perkin-Elmer Applied Biosystems, Foster City, CA, USA) with dyelabelled terminators. Sequences were analysed using Sequence Navigator software (Perkin-Elmer Applied Biosystems). Open reading frames (ORFs) were predicted using the ORF Finder software (http://ncbi.nlm.nih.gov/ gorf/gorf.html). Criteria to design a potential ORF were the existence of a start codon and a minimum coding size of 50 amino acids. Sequence similarity searches were carried out using BLAST (http://www.ncbi.nlm.nih.gov).
Experiments using restriction enzymes
PCR-restriction fragment length polymorphism analysis was used for mef gene identification. A well-established 348 bp amplicon (Table S1 , available as Supplementary data at JAC Online) obtained from all mef alleles 18 was analysed by separately using endonucleases BanI and BamHI (New England Biolabs, Beverly, MA, USA), the former restricting only mef(E) and the latter only mef(A). Failure of the two enzymes to digest the amplicon led to sequencing of the whole gene. Restriction assays with endonucleases HindIII and EcoRV (Roche Applied Science, Basel, Switzerland) were used to analyse and compare the mef-catQ fragments. Genomic DNA digested with EcoRI (Roche Applied Science) was ligated and used as the template in inverse PCR assays.
Nucleotide sequence accession numbers
The sequences of two new genetic structures, a Tn916-like element and a mef(G)-containing mega-like element, were submitted to the EMBL Nucleotide Sequence Database and assigned accession numbers HG423653 and HG423652, respectively.
Results
Antibiotic resistance determinants and mechanisms
Of the 263 VGS isolates, 148 (56.3%) were resistant to erythromycin, 72 (27.4%) to tetracycline and 7 (2.7%) to chloramphenicol.
Of the 148 erythromycin-resistant VGS, 37 (25.0%) belonged to the cMLS and 111 (75.0%) to the M macrolide resistance phenotype; the iMLS phenotype was not detected. As expected, erythromycin MICs were higher in cMLS than M isolates. All cMLS isolates bore the target-site modification gene erm(B), either alone 
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(n¼ 28) or together with the efflux gene mef(E) (n¼ 9). Other erm genes reported in other streptococcal species, such as erm(TR) and erm(T), were not detected. Of the M phenotype isolates, the vast majority (n¼ 107) harboured mef(E), two carried mef(A) and one each carried mef(I) and mef(G).
Tetracycline resistance was recorded in 72 VGS, including 61 erythromycin-resistant and 11 erythromycin-susceptible isolates. Of the tet determinants assayed, tet(M)-typically associated with Tn916 family broad-host-range conjugative transposons 15 was by far the most common, detected in 43 erythromycinresistant (23 cMLS and 20 M) and 5 erythromycin-susceptible isolates. One isolate carried tet(O) but the tetracycline resistance determinant could not be identified in 23 isolates. Given the well-known association between erm(B) and a silent tet(M) in streptococci, 19, 20 tet(M) was also sought in erm(B)-positive tetracyclinesusceptible VGS and was detected in two of them (see later).
Chloramphenicol resistance was recorded in seven VGS, including six erythromycin-resistant isolates belonging to the M phenotype and carrying the catQ gene, and one erythromycinsusceptible isolate carrying the cat pC194 determinant.
Association of resistance genes with genetic environments and elements
To make their presentation clearer, the data on the association of the resistance genotypes with the relevant genetic contexts or elements are subdivided into three sections, two including erythromycin-resistant isolates [(i) with a mef gene as the only macrolide resistance determinant or (ii) with the erm(B) gene] and the third including (iii) erythromycin-susceptible isolates. These data, and the VGS species to which each isolate belonged, are reported in Table 1 .
(i) Erythromycin-resistant VGS carrying a mef gene as the only erythromycin resistance determinant mef(E) was the sole antibiotic resistance gene in 67 tetracyclinesusceptible isolates. As expected, all harboured the so-called mega (macrolide efflux genetic assembly) element, closely related variants of which have been described not only in pneumococci 21 but also in the VGS species S. salivarius. 22 In 18 of 35 erythromycin-and tetracycline-resistant isolates, mef(E) was associated with tet(M). In 2 such isolates the two genes were linked in Tn2009, a composite transposon resulting from the insertion of mega into Tn916, 23 whereas in 16 isolates mega and Tn916 were independent elements. Remarkably, in two of the latter isolates, PCR mapping disclosed a larger than expected Tn916 ( 23.4 versus 18 kb), which DNA sequencing attributed to a 5418 bp insertion between orf21 and orf20 of Tn916. This DNA sequence (deposited under accession no. HG423653) was related to the lsa(C)-containing genetic element (5224 bp) identified in the chromosome of Streptococcus agalactiae UCN70 (accession no. HM990671). 24 In our element, however, the lsa(C) gene-encoding cross-resistance to lincosamides, streptogramin A and pleuromutilins-was replaced by three new ORFs encoding a transposase, a hypothetical protein and a transcriptional regulator, respectively (Figure 1a ). Excluding the replaced portion, DNA identity was 88%. In one isolate, mef(E) carried by the mega element was associated with tet(O), whose genetic context was closely related to an 8 kb fragment of tet(O)-carrying S. pyogenes ICE2096-RD.2; 25 the location of the tet(O) fragment was not identified. In the remaining 16 erythromycin-and tetracycline-resistant VGS, mef(E) was carried by the mega element but the tet determinant could not be identified. In five erythromycin-and chloramphenicol-resistant isolates, mef(E) was associated with catQ. PCR experiments showed that in all five isolates the two genes were linked, at a distance consistent with that between mef(I) and catQ in the so-called IQ element. The latter is a module-containing two identical transposase genes tnp1 at either end-of a composite structure (5216IQ complex) described in S. pneumoniae; 26 defective IQ elements have more recently been detected in S. pyogenes.
27 PCR assays and HindIII and EcoRV restriction analysis demonstrated that in all five VGS the mef(E) -catQ fragment was indistinguishable from the mef(I) -catQ fragment of S. pneumoniae-except that it bore mef(E) instead of mef(I)-and the right tnp1 was lacking; the region upstream of mef(I) in the IQ element of S. pneumoniae was completely missing in four of the five VGS (Figure 1b) . The isolate where this region was conserved also carried the tet(M) gene, not physically linked to mef(E) and catQ, and located on Tn916.
mef(A) was the sole erythromycin resistance determinant in two isolates. PCR assays disclosed in both isolates an element with a genetic organization reminiscent of F10394.4, 28 one of a number of related chimeric structures [mef(A)-carrying Tn1207.1 inserted into prophages] that have been extensively investigated in S. pyogenes. 29 -31 One of the two mef(A)-positive isolates was also resistant to tetracycline owing to the presence of tet(M) located on Tn916.
mef(I) was the sole erythromycin resistance determinant in one isolate that also exhibited catQ-mediated chloramphenicol resistance. PCR assays and restriction analysis showed that the two genes were linked in an IQ-like element, which, similarly to the above-mentioned VGS carrying mef(E) and catQ, bore a conserved mef(I) -catQ fragment and lacked the right tnp1. In this isolate, however, the region upstream of mef(I) was considerably shorter than in the IQ element of S. pneumoniae 26 ( 2.5 versus 8 kb), being reduced to the left tnp1 and a truncated recombinase gene rec2 (Figure 1b) . This organization is closely reminiscent of that recently detected by PCR mapping in an S. pyogenes isolate in which, however, the right tnp1 was conserved. 27 Another VGS isolate had mef(G), an allelic mef variant that, to our knowledge, has been described only in S. agalactiae.
32 PCR mapping and DNA sequencing revealed that the gene was carried by a new mega-like element (deposited under accession (b) IQ-like elements, aligned with the original IQ element of S. pneumoniae. In five isolates (two S. mitis, one S. sanguinis, one S. parasanguinis and one S. oralis), mef(E) rather than mef(I) was linked to catQ; the IQ region upstream of the mef gene was conserved in the S. oralis isolate and missing in the others. In an S. mitis isolate, the mef gene linked to catQ was mef(I) but a considerably shorter region was detected upstream. (c) New mega-like element detected in an S. mitis isolate (accession no. HG423652), carrying mef(G) instead of mef(E) and containing two new ORFs upstream of mef(G). The mega-like element is aligned with the sequenced mega elements of S. pneumoniae (accession no. AF274302) and S. salivarius (accession no. AJ318993). This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
Resistance mechanisms and genetic elements in VGS no. HG423652) that, besides carrying mef(G) instead of mef(E), was larger (5906 bp) than the sequenced mega elements of S. pneumoniae (5532 bp, accession no. AF274302) 21 and S. salivarius (5511 bp, accession no. AJ318993). 22 The larger size was due to two new ORFs, encoding two hypothetical proteins, located upstream of mef(G) (Figure 1c) . Inverse PCR and sequencing experiments showed that this mega-like element was integrated into the chromosome in the intergenic region downstream of a gene encoding the competence protein TfoX and showing 100% DNA identity to one identified in the whole-genome shotgun sequence (accession no. AFUT01000001) of a strain of Streptococcus infantis (S. mitis group); this site is totally unrelated to known mega integration sites in S. pneumoniae.
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(ii) Erythromycin-resistant VGS carrying the erm(B) gene erm(B) was the sole antibiotic resistance determinant in 10 isolates; PCR mapping disclosed the long-established transposon Tn917 in seven of the isolates, 34 whereas the genetic context could not be determined for the remaining three. Another 17 erm(B)-positive isolates were also resistant to tetracycline; tet(M) was detected in 16, all of which were confirmed by PCR mapping to harbour Tn916-family transposons featuring an erm(B)/tet(M) linkage such as Tn3872 35 (11 isolates) or Tn6002 36 (5 isolates). The tetracycline resistance determinant could not be identified in the remaining isolate, where even the genetic context of erm(B) could not be identified. An erm(B) tet(M) genotype with a silent tet(M) gene was detected in a tetracycline-susceptible isolate; the two genes were linked in Tn3872. Only one isolate carried erm(B) and mef(E) with no other resistance gene; the two determinants were not physically linked, since mef(E) was found in the mega element and the genetic context of erm(B) could not be identified. Eight isolates exhibited an erm(B), mef(E) and tet(M) association: in four, erm(B) and tet(M) were linked in Tn3872 while mef(E) was carried by the mega element; in one, erm(B) and a silent tet(M) (consistent with the tetracycline susceptibility of the isolate) were linked in Tn6002 while mef(E) was carried by the mega element; in another isolate, mef(E) and tet(M) were carried by mega and Tn916, respectively, while the genetic support for erm(B) was not identified; and in the remaining two, erm(B), tet(M) and mef(E) were linked in the composite Tn916 family transposon Tn2010. 33 (iii) Erythromycin-susceptible VGS carrying tetracycline or chloramphenicol resistance determinants As reported earlier, 5 of the 11 erythromycin-susceptible and tetracycline-resistant VGS carried tet(M), whereas the tetracycline resistance genotype could not be identified in 6 isolates. In the five tet(M)-positive isolates, the gene was carried by Tn916 (n¼ 4) or by a Tn5801-like element (n ¼1), as determined by identification of the respective integrase genes.
16 Tn5801, the best-known Tn916 family element of Staphylococcus aureus, 15 was first identified in S. aureus Mu50 37 and then in other S. aureus strains, 16 but Tn5801-like elements have subsequently also been reported in streptococci: in particular, a variant lacking the last ORF (a transposase gene) was described in S. mitis 38 and a variant lacking the last three ORFs (Tn5801.Sag) has very recently been described in S. agalactiae. 39 PCR mapping revealed close similarity between the Tn5801-like element detected herein and that of S. agalactiae. Similar to Tn5801 and all its variants, the integration site was just downstream of the chromosomal gene guaA. The Tn5801.Sag-harbouring isolate was also chloramphenicol resistant owing to the presence of cat pC194 . In S. pneumoniae, this cat determinant is carried by Tn5252 40 or ICESp23FST81, 41 which share the same conjugation module but have different integrase genes. 17 In the VGS isolate, cat pC194 was carried by a variant of ICESp23FST81 lacking Tn916.
Discussion
This is the first investigation expressly targeting the distribution of resistance mechanisms and determinants and their association with genetic environments and elements in VGS. The widespread occurrence and multiplicity of the elements involved may provide a pool of genetic material capable of undergoing gene shuffling with other bacteria, supporting the notion that VGS may be important reservoirs of resistance genes for more pathogenic streptococci. 3,7 -9 We detected in VGS a number of new variants of known genetic contexts and elements, including:
(i) A previously unreported Tn916-like element characterized by the insertion into Tn916 of a genetic element resembling the lsa(C)-containing element recently described in S. agalactiae, 25 Remarkably, tet(O) fragments of different size, with high identity to corresponding portions of ICE2096-RD.2, have been found in other S. pyogenes genetic elements (none of which was detected herein) that confer tet(O)-mediated tetracycline resistance; namely, a 3 kb fragment in Fm46.1 31 and an 11 kb fragment in ICESp2905 42 and ICESp2906. 43 (iii) A mega-like element harbouring mef(G) instead of mef(E) and larger than the usual mega elements due to two new ORFs upstream of the mef gene, and showing a unique chromosomal integration site. (iv) A Tn5801-like variant recently described in S. agalactiae (Tn5801.Sag) and shown to be harboured by 20% -30% of the clinical isolates of this species. 39 (v) An ICESp23FST81-like structure where the larger (Tn5252-like) element lacked the inserted smaller (Tn916-like) transposon that is the rule among S. pneumoniae. 17, 40, 41 In fact, the VGS isolate with the ICESp23FST81-like structure harboured a Tn916-family element, Tn5801.Sag, but as an independent element. (vi) A variety of IQ-like elements, most often bearing mef(E) instead of mef(I), sharing conserved mef -catQ fragments. All IQ-like elements detected in our VGS lacked the right tnp1, i.e. the transposase gene downstream of catQ that was described in the original IQ element of S. pneumoniae.
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Of special interest is the interchangeability of mef alleles. As mentioned above, mef(E), typically carried by the mega element, was replaced by mef(G) in a mega-like variant from an S. mitis isolate, and mef(I), typically linked to catQ in the unique IQ element, was replaced by mef(E) in IQ-like variants from different VGS species. Remarkably, however, the two best-established mef genes-mef(A), prevalent in S. pyogenes, and mef(E), prevalent in S. pneumoniae and VGS-proved not to be interchangeable in the respective distinctive genetic environment, i.e. Tn1207.1 and related chimeric structures for mef(A), and mega and related composite structures for mef(E).
The well-documented association between erm(B) and a silent tet(M), observed in erythromycin-resistant streptococci displaying a paradoxical association between a tetracycline-susceptible phenotype and a tetracycline-resistant genotype, 13 was also detected in our VGS, but it involved only two isolates, suggesting a less common occurrence than in S. pyogenes 19 and S. pneumoniae. 20 Apropos of tetracycline resistance genes, an unexpected finding was the high incidence (23/72; 31.9%) of tetracyclineresistant VGS for which the resistance determinant could not be identified, suggesting an extensive involvement of some new or uncommon tet determinant(s). This may apply particularly to the species S. parasanguinis, which accounted for 12 of these 23 tetracycline-resistant isolates.
It is worth noting that although we detected in VGS some genetic elements typically associated with, and often widespread in, other streptococcal species [e.g. S. pyogenes F10394.4,
28
S. pneumoniae Tn2010, 33 S. pneumoniae ICESp23FST81, 41 S. agalactiae Tn5801.Sag, 39 or Tn3872 and Tn6002, both detected in various species 13 ], other genetic elements that are common elsewhere [such as S. pneumoniae Tn1545/Tn6003 44 or erm(TR)-carrying ICEs of S. pyogenes 42 ] were not found. The high rates of macrolide resistance documented among VGS in this study confirm the persistence of a marked prevalence of this resistance in Europe. 9, 11, 12 This is particularly noteworthy considering the decreasing trends of macrolide resistance that are emerging in parallel for major streptococcal pathogens such as S. pyogenes and S. pneumoniae.
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